The relative chlorine sensitivities of bacteria isolated from chlorinated and unchlorinated drinking water distribution systems were compared by two independent methods. One method measured the toxic effect of free chlorine on bacteria, whereas the other measured the effect of combined chlorine. Bacteria from the chlorinated system were more resistant to both the combined and free forms of chlorine than those from the unchlorinated system, suggesting that there may be selection for more chlorine-tolerant microorganisms in chlorinated waters. Bacteria retained on the surfaces of 2.0-p.m Nuclepore membrane filters were significantly more resistant to free chlorine compared to the total microbial population recovered on 0.2-p.m membrane filters, presumably because aggregated cells or bacteria attached to suspended particulate matter exhibit more resistance than unassociated microorganisms. In accordance with this hypothesis, scanning electron microscopy of suspended particulate matter from the water samples revealed the presence of attached bacteria. The most resistant microorganisms were able to survive a 2-min exposure to 10 mg of free chlorine per liter. These included gram-positive spore-forming bacilli, actinomycetes, and some micrococci. The most sensitive bacteria were readily killed by chlorine concentrations of
The relative chlorine sensitivities of bacteria isolated from chlorinated and unchlorinated drinking water distribution systems were compared by two independent methods. One method measured the toxic effect of free chlorine on bacteria, whereas the other measured the effect of combined chlorine. Bacteria from the chlorinated system were more resistant to both the combined and free forms of chlorine than those from the unchlorinated system, suggesting that there may be selection for more chlorine-tolerant microorganisms in chlorinated waters. Bacteria retained on the surfaces of 2.0-p.m Nuclepore membrane filters were significantly more resistant to free chlorine compared to the total microbial population recovered on 0.2-p.m membrane filters, presumably because aggregated cells or bacteria attached to suspended particulate matter exhibit more resistance than unassociated microorganisms. In accordance with this hypothesis, scanning electron microscopy of suspended particulate matter from the water samples revealed the presence of attached bacteria. The most resistant microorganisms were able to survive a 2-min exposure to 10 mg of free chlorine per liter. These included gram-positive spore-forming bacilli, actinomycetes, and some micrococci. The most sensitive bacteria were readily killed by chlorine concentrations of 1.0 mg liter-' or less, and included most gram-positive micrococci, CorynebacteriumlArthrobacter, Klebsiella, PseudomonaslAlcaligenes, FlavobacteriumIMoraxella, and Acinetobacter.
Chlorination is the most widely employed method of disinfection for community water distribution systems and reservoirs. In aqueous environments, uncombined chlorine, in the form of unionized hypochlorous acid (HOCl), is an extremely potent bactericidal and virucidal agent, even at concentrations of less than 0.1 mg liter-' (22) . Chlorine is known to exert disruptive effects on a variety of subcellular components and metabolic processes (13) , including: (i) in vitro formation of chlorinated derivatives of purine and pyrimidine nucleotide bases (10) , (ii) oxidative decarboxylation of amino acids (27) and other naturally occurring carboxylic acids (19) , (iii) inhibition of enzymes involved in intermediary metabolism (8, 18) , (iv) inhibition of protein biosynthesis (5) , (v) introduction of single-and double-stranded lesions into the bacterial chromosome (33) , (vi) production of bacterial mutations (32) , (vii) inhibition of membranemediated active transport processes and respiratory activity (8) , and (viii) uncoupling of oxidative phosphorylation accompanied by leakage of macromolecules from the cell (35, 36) . Chlorine has also been shown to cause physiological injury of coliform microorganisms such as Escherichia coli, resulting in underestimation of these indicator organisms in chlorinated waters (7, 8) . Dennis et al. (10) recently demonstrated that radioactive 36CI is preferentially incorporated into the DNA moiety of the bacteriophage f2. The uptake kinetics of free chlorine by the virus closely paralleled its sensitivity to disinfection by the halogen at different pH values. Similar findings have been reported by Haas and Engelbrecht (13) for selected bacterial cells.
Despite these and other recent advances in knowledge concerning the physiological mechanisms of chlorine disinfection, all of the physicochemical and biological parameters which influence the bactericidal properties of chlorine in the environment are not yet fully understood. Large numbers of viable microorganisms, many of which have been shown to be human secondary opportunistic pathogens, can often be recovered from potable water distribution systems maintaining free chlorine residuals (i.e., HOCl + OCI-) of 0.5 to 1.0 mg liter-' (21, 24) . Thus, specific mechanisms may exist for the survival of certain bacteria and viruses in waters containing relatively high concentrations of chlorine (14, 16) . Shaffer et al. (31) recently demonstrated that poliovirus isolates obtained from fully treated, chlorinated drinking water were several orders of magnitude more resistant to free chlorine than two stock laboratory strains which were used for comparison. Furthermore, evidence has been reported which suggests that repeated exposure of poliovirus 1, strain LSc, to sublethal concentrations of chlorine may lead to physiological or genetic selection for increased resistance to this halogen (3) . Some proposed mechanisms by which bacteria and viruses may develop resistance to chlorine include: (i) modification of cell surface structures which may lead to increased aggregation or clumping of cells in situ (11) , (ii) microbial adhesion to pipe surfaces or to suspended particulate matter such as detritus or clay particles (34) , (iii) extrusion of protective extracellular capsular or slime layers (30) , and (iv) formation of resistant spores (14, 16, 17) . Conceivably, some of these mechanisms may favorably influence the survival of various opportunistic pathogenic microorganisms which persist in drinking water distribution systems (21, 24) .
If chlorine-resistant microbial forms exist, they should be preferentially selected for in chlorinated water distribution systems. Conversely, bacterial populations residing in unchlorinated systems should, on the whole, be skewed toward increased sensitivity to chlorine disinfection, since more resistant cell types would not possess any special selective advantage under such circumstances.
Conventional methods for determining microbial disinfection kinetics are too highly labor intensive to screen large numbers of bacterial isolates. Therefore, to determine to what extent chlorine-resistant bacteria occur in municipal drinking water supplies, two rapid screening methods were developed to compare the chlorine resistance patterns of bacteria isolated from an untreated, unchlorinated potable groundwater system and from a fully treated, chlorinated surface water system. One method (the disk assay procedure) qualitatively estimated the relative susceptibilities of individual bacterial isolates to combined chlorine. The other method (a membrane filtration procedure) measured the toxic effect of free, uncombined chlorine on bacterial populations recovered directly from the environment on the surfaces of polycarbonate Nuclepore membrane filters. Results obtained by the application of these methods to the two distribution systems investigated are de- Liquid assay procedure. To determine how the disk assay and membrane filtration procedures compared with more conventional methods of measuring chlorine disinfection, the two procedures were run in parallel with a liquid assay technique, which was performed as follows. Bacteria were grown overnight in tryptic soy broth (Difco) in an orbital shaker at 23°C. The cells were harvested by centrifugation at 3,500 x g for 15 min and washed twice in sterile ice-cold 50 mM monobasic potassium phosphate buffer (pH 7.0). After the final centrifugation, the bacteria were suspended in buffer to an optical density of 1.05 (measured at 580 nm), and 10 p.1 of this suspension were transferred to each of 12 reaction tubes containing 10 ml of the 50 mM phosphate buffer. The final cell concentration in each tube was approximately 4.0 x 106 per ml. The tubes were mixed thoroughly and a different amount of sodium hypochlorite was rapidly injected into each at 0 min to initiate the reaction. The last tube in the series served as an untreated control and received no chlorine. The applied sodium hypochlorite concentrations in the tubes were varied from 0 to 2.5 mg liter-'. After 10 min at 23°C, 100 of sterile 1.0 M sodium thiosulfate was added to each tube. The tubes were chilled to 2°C, and portions were plated on Plate Count Agar to rescue surviving bacteria. The plates were incubated at 35°C for 48 h, at which time colonies were enumerated.
The effect of combined chlorine on bacteria was examined in a similar fashion. Cells were grown in disk assay broth but were diluted without prior washing to an optical density of 1.05 (at 580 nm) in fresh broth. A final concentration of dissolved organic substances of approximately 1.5 mg liter-' was obtained after subsequent dilution in the 10-ml reaction tube, as described above. This concentration of organic substances was sufficient to convert all of the applied sodium hypochlorite to combined chlorine at the start of the reaction.
For kinetic studies, E. coli (strain no. 40) cells were grown and washed in phosphate buffer as described above and diluted into 500 ml of sterile 10 mM monobasic potassium phosphate buffer (pH 7.0), yielding a final cell concentration of approximately 1.0 x 107 per ml. Disinfection was initiated by adding sodium hypochlorite with continuous stirring to give a final concentration of 0.1 mg liter-'. A 0.1-ml sample was removed at intervals and injected into 10 ml of ice-cold 10 mM phosphate buffer containing 10 mM sodium thiosulfate and 0.1% (wt/vol) peptone (Difco) to stop the reaction. The cells were diluted and plated on Plate Count Agar, and colonies were enumerated after incubation for 48 h at 35°C.
Chlorine demand measurements. (26) . Lower concentrations of inorganic chloramines and chlorinated derivatives of a variety of organic compounds also occur in the Irvine system, since significant quantities of ammonia nitrogen (0.02 to 0.03 mg liter-'), Kjeldahl nitrogen (0.17 to 0.40 mg liter-1), and total organic carbon were routinely detected (Table 1) . However, because of their low concentrations and reduced toxicities compared with uncombined hypochlorous acid (22, 26) , the inorganic chloramines and chlorinated organic derivatives formed should not contribute appreciably to the total bactericidal activity of the water. Inorganic ions which can potentially interfere with in situ chlorine measurements, such as the oxidized forms of manganese and iron, were present in sufficiently low concentrations as to not be problematic (Table 1) .
Despite consistently high levels of free avail- concentration of sodium hypochlorite applied to the disk, and (iii) the number of bacterial cells applied to the surface of the medium.
The organic nitrogen concentration of the disk assay broth was approximately 213 mg of N per liter, whereas the ammonia nitrogen concentration was about 6.1 mg of N per liter. This high organic nitrogen concentration was reflected in the shape of the dose-residual (breakpoint) curve for the medium, which indicated a large combined chlorine residual. (Although in the waterworks industry the term "combined chlorine" usually refers only to inorganic monochloramine and dichloramine, we use this term in a broader sense here and elsewhere in this paper to also include halogen-substituted organic compounds.) Since the reactions of chlorine with ammonia are usually completed rapidly at pH 7.0, the persistence of a combined residual indicated the presence of relatively stable chlorinated organic nitrogen compounds (26 disks of a complex mixture of inorganic chloramines and stable chlorinated organic nitrogen compounds which exhibited bactericidal activity. The specific chemical identities of these chlorine derivatives were not investigated here.
An increase in the chlorine demand of the medium led to a marked decrease in the sizes of the inhibition zones (Fig. 2) , presumably because of a dilution effect of the added chlorine at the higher medium demands. Nearly all of the bacterial isolates tested grew well on a medium containing 0.5 g each of tryptone, yeast extract, and glucose per liter. Since this concentration of organic compounds was also sufficiently low to allow the formation of relatively large inhibition zones for the test organisms, it was adopted for use in the standardized disk assay procedure.
There was a nearly linear relationship between the concentration of sodium hypochlorite applied to the disks and the inhibition zone diameters for E. coli no. 40 (Fig. 3) 5. chlorine and therefore may exert a significant chlorine demand (9, 14) . Thus, it was of interest to examine the effect of cell number as a function of zone size in the disk assay. These data, shown in Fig. 4 , indicate that a small (4.3 mm) though noticeable increase in the mean zone diameter resulted when the number of bacteria in the inoculum was decreased from 1.9 x 107 per ml to 3.7 x 104 per ml (500-fold dilution).
Therefore, before plating the bacteria, each experimental culture was routinely adjusted to a barely visible optical turbidity (optical density at 580 nm, 0.01 to 0.02). This corresponded to a cell number of approximately 7.3 x 106 to 1.8 x 107 per ml. This amount of variability in the size of the inoculum had a negligible effect on the size of the inhibition zone produced.
Each bacterial isolate tested in the disk assay exhibited a characteristic and reproducible zone size (Fig. 5) . For example, the order of sensitivity to organically combined chlorine for the three organisms shown was Pseudomonas sp. > E. coli (strain no. 40) > Acinetobacter sp. E. coli consistently yielded a zone diameter of 21.8 + 1.19 mm (n = 100) when 40 jig of sodium hypochlorite was applied to the disk. A similar order of sensitivity was observed when the above three bacteria were tested for susceptibility to combined chlorine in a buffered liquid system (Fig. 6) , thereby confirming the ability of the disk technique to qualitatively estimate microbial tolerance to combined chlorine. As is the case in a liquid assay system, the bactericidal negligible chlorine demand, were utilized in the assay (Fig. 8) . The Nuclepore membranes possessed the additional advantages of uniform pore size and distribution and a flat surface which enhanced contact between the bacterial cells and the overlying chlorine solution.
By using the membrane filtration technique, it was possible to measure the bactericidal effects of applied chlorine concentrations as low as 0.02 mg liter-' (Fig. 9) . In addition, the kinetics of disinfection on the Nuclepore membrane surface closely paralleled those in buffered liquid cell suspensions during the initial 10 to 20 s of exposure to chlorine (Fig. 10) . The rate of cell death on the membrane exhibited biphasic kinetics; during the initial 10 to 20 s, there was a 2 to 3 log decrease in cell viability followed by a more gradual decline. Because of the rapid nature of cell mortality, a 2-min contact time was adopted for use in the standard assay. This contact time was sufficient to attain near maximum cell kill at various applied chlorine concentrations.
Monitoring of the system amperometrically, or by using the N,N-diethyl-p-phenylenediamine procedure for detection of free chlorine, indicated that the concentration of free chlorine overlaying the membrane was essentially equivalent to the applied concentration throughout the 2-min contact period. As experiment. Thus, under experimental conditions the contribution by the cells to the total chlorine demand was insignificant. In addition, the level of bacterial survival was evidently independent of the number of cells applied to the surface of the membrane filter, unless the numbers applied were sufficiently high to result in extensive clumping. Application of membrane filtration method. Data from six separate experiments comparing the relative susceptibilities to free chlorine of total bacteria recovered from the Irvine and Garden Grove systems are summarized in Fig.  11 . The Irvine bacteria were found to be significantly more resistant to chlorine disinfection at all concentrations of halogen tested between 0.1 and 10 mg liter-1. Although the Irvine bacteria were generally less numerous in situ than the Garden Grove bacteria ( Fig. 1; ref. 24), they exhibited up to a sixfold-better survival when exposed to a 0.1-mg liter-' solution of sodium hypochlorite. This difference in population sensitivity increased at the higher chlorine residuals utilized (e.g., 18-fold at 0.5 mg liter-' and 25-fold at 1.0 mg liter-1) but was virtually absent at a concentration of 100 mg liter-. Therefore, the Irvine system, which was consistently maintained at 0.6 to 0.7 mg of free chlorine per liter, harbored a microbial population significantly more resistant to chlorine disinfection than was the population of the Garden Grove system. Interestingly, however, approximately 0.5% of the total bacteria encountered in both distribution systems were extremely resistant to chlorine. These bacteria were able to survive an exposure to 100 mg of applied sodium hypochlorite per liter for the duration of the 2-min contact period.
To determine which bacterial genera were most sensitive or resistant to chlorine disinfection, a total of 260 bacterial isolates from one experiment were identified after exposure to various concentrations of free chlorine in the membrane assay. The results (Table 3) indicated that different microbial genera were killed by different levels of chlorination in the membrane filtration procedure. In the Garden Grove system, for example, the following groups of bacteria were readily eliminated from the bacterial Mechanism of chlorine resistance. One mechanism for bacterial resistance to chlorination is cellular aggregation or adhesion to suspended particulate matter (16) . To evaluate the significance of this survival mechanism in potable water systems, the membrane filtration assay was carried out with 0.2 and 2.0-,um Nuclepore membranes. Scanning electron microscopy per- tially obstructed from view by extracellular slime or capsular material. The number of bacte--d in this laboratory, as well as differential ria affixed to a single particle varied from as few iltration experiments done by others using as 5 or 10 to as many as several hundred. labeled cells (2) , demonstrated that single Particles with attached bacteria were usually ria in environmental samples are usually larger than about 10 p.m, so they would almost than 1.0 p.m in diameter and readily pass certainly be captured on the 2.0-p.m membrane igh Nuclepore membrane filters with pore filters. In addition to the colonized particles, eters greater than 2.0 p.m. Bacteria which branching filamentous microorganisms identical ggregated together or attached to the sur-in morphology to actinomycetes were also freof suspended particulate matter should be quently observed on the membrane filter surrentially retained by larger-pore-size fil-faces. Although a higher resistance to chlorine hence, a greater proportion of cells cap- described in this report allows rapid and quantitative assessment of the chlorine resistance patterns of bacterial populations obtained directly from an aquatic environment soon after sampling, as opposed to testing of individual isolates after repeated subculture on artificial growth media. Possible physiological or genetic alterations of the bacterial cell wall or cytoplasmic membrane, which might result from subculturing or prolonged cold storage of isolates, are thereby precluded. Small quantities of adsorbed organic nitrogen-containing compounds, free ammonia, or other contaminating substances in the water supply which may introduce extraneous chlorine demand can be readily eliminated from the membrane assay by briefly rinsing the cells directly on the Nuclepore membrane surface immediately before chlorine exposure. In this way the potential deleterious effects inherent in extensive washing procedures are minimized.
In addition to being ideally suited for rapid screening of the chlorine resistances of large numbers of microbial isolates, the membrane filtration procedure also facilitates the detection, quantitative enumeration, and axenic isolation of highly chlorine-resistant or -sensitive cell types which may be present in a particular water supply. These bacteria may then be utilized in subsequent studies designed to elucidate the molecular and ultrastructural bases for extreme sensitivity or resistance to chlorine.
The disk assay method, which measures the relative toxicity of combined chlorine, can also be performed rapidly and inexpensively, although quantification procedures are more difficult. In addition, growth of the individual bacteria on artificial media is required. The breakpoint chlorination characteristics of the disk assay broth indicate that all of the applied chlorine which diffuses from the disk undergoes reaction with ammonia and organic nitrogen compounds in the medium (26) . The large chlorine demand displayed by the medium is due principally to amino acids, short-chain polypeptides, nucleic acids, and proteins which constitute the tryptone and yeast extract components. The glucose, as well as the agar in the solid medium, would also exert a significant chlorine demand. These substances are present in the medium in large molar excesses compared to the amount of chlorine applied to the disks and are known to be extremely reactive with aqueous hypochlorous acid at neutral pH values (26, 27) . Therefore, formation of a wide variety of halogen-substituted organic compounds would be expected. Such compounds apparently diffuse outward from the vicinity of the disk, establishing a concentration gradient. A minimum inhibitory concentration of these substances that is characteristic for each bacterial isolate is eventually attained at some distance from the disk. Hence, the disk assay technique represents a qualitative determination of the relative susceptibilities of individual bacterial isolates to a complex toxic mixture of chloramines and diffusible halogenated organic compounds. As such, the disk assay method may be most suitable for comparing the sensitivities of microorganisms isolated from chlorinated sewage or other wastewater sources which contain high concentrations of organic compounds and ammonia. Microorganisms which are involved in biofouling of water distribution pipe surfaces or in attachment to suspended particulate matter (28) may also be exposed to relatively high concentrations of chloramines and chlorinated organic compounds. Bacteria associated with these surface biofilms are frequently embedded within a complex organic matrix which can react with free chlorine to form a wide variety of organic chlorine derivatives (9) . Therefore, the high combined chlorine residuals present in the disk assay procedure may mimic conditions found in sewage or attached biofilms containing high concentrations of organics.
The fact that relatively high numbers of microorganisms could be routinely isolated from the chlorinated Irvine system water suggests that certain bacteria may possess mechanisms enabling them to survive in highly chlorinated environments. A number of other conclusions may be inferred from the data obtained from the application of the disk assay and membrane filtration procedures, as described in this report. These conclusions are as follows. (i) Bacteria residing in the chlorinated Irvine water distribution system were, as a group, significantly more resistant to both free and organically combined forms of chlorine than bacteria found in the unchlorinated Garden Grove system. This suggests that there may be strong selection for chlorine-tolerant microorganisms in chlorinated water distribution systems. (In this regard, Shaffer et al. [31] have shown that poliovirus isolates from finished chlorinated drinking water were considerably more resistant to chlorine than two stock laboratory strains.) Moreover, the differences in the sensitivities of the two bacterial populations does not appear to be related to substances other than chlorine, since the overall water chemistry of the Irvine and Garden Grove systems was very similar (Table   1 ). (ii) Bacteria from both distribution systems exhibited individual differences in their sensitivities to disinfection by organically combined chlorine in the disk assay. (iii) According to the membrane filtration procedure, gram-positive spore-forming bacilli and some micrococci were the predominant chlorine-resistant microbial genera detected in the chlorinated Irvine distribution system, whereas gram-positive sporeforming bacilli and actinomycetes were the most common resistant forms in the unchlorinated Garden Grove system. (iv) Finally, filamentous bacteria such as actinomycetes, as well as bacteria attached to suspended particulate matter or otherwise aggregated together in clumps too large to pass through a 2.0-,um Nuclepore membrane filter, exhibited greater resistance to disinfection by free chlorine than unassociated microorganisms.
The occurrence of bacterially colonized suspended particulate matter in the Garden Grove water distribution system has been previously reported (29) (12, 15, 23, 25) and in certain municipal drinking water supplies (29) and their existence could account in part for the higher chlorine resistance of the bacteria retained on the 2.0-,um Nuclepore membrane filters. Microbial adhesion to solid surfaces is frequently mediated by extracellular mucopolysaccharides (23), the manufacture and secretion of which by certain strains of P. aeruginosa has been shown to dramatically enhance resistance to disinfection by combined chlorine in swimming pool waters (30) . The extracellular material observed on the surfaces of the particle-associated cells in this study may perform a similar protective function.
Bacterial colonization of the surfaces of drinking water distribution pipes has been recently documented by the use of scanning electron microscopy (1, 28, 30 Chlorination has been the most widely practiced method of disinfection for potable waters since the turn of the century and the principal means by which the microbial quality of water is maintained in the United States. However, current public health standards for drinking water based on the coliform index fail to accurately predict large numbers of secondary opportunistic pathogens which these systems can sometimes harbor. In the environment, such bacteria apparently do not display uniform sensitivities to free and combined chlorine, as suggested by the present study and other related investigations (13, 14) . Additional research will be required to more accurately assess the chlorine resistance patterns of specific coliform and noncoliform bacterial populations as they exist in various raw and finished waters. Used in conjunction with appropriate selective media, the membrane filtration assay procedure described here should greatly facilitate such studies.
